In this paper we present the first ever measured Compton profiles of polycrystalline gadolinium and dysprosium using 661.65 keV gamma-rays. The Compton data are compared with renormalized-freeatom (RFA) and free-electron model profiles. In both cases the RFA model (with e − -e − correlation) gives a better agreement with the experiment. The hybridization effects of s-, p-, d-, and f-electrons are discussed, using the first derivatives of the Compton profiles. We also report the cohesive energy of both samples, computed from the RFA calculations. -PACS numbers: 13.60. F, 71.15.Nc, 78.70.Ck 
Introduction
Since the last three decades, Compton scattering has been exploited to measure the electron momentum distribution as a means of studying electronic behaviour in condensed matter [1] . The non-relativistic equations for conservation of energy and momentum lead to energy lossh(ω 1 − ω 2 ) as
The second term in (1) is the Doppler term that arises as a result of the electron's motion and is a function of electron momentum p. The conventional scattering vector k is defined as k = k 1 − k 2 , where k 1 and k 2 are the incident and scattered photon wave vectors, respectively. The direction of k is taken as z-axis of a set of Cartesian coordinates. The Doppler broadening of the Compton profile provides information about the electron momentum density distribution n( p). The Compton profile, J(p z ), is the probability distribution of the component momenta, p z , viz.
J(p z ) = n(p x , p y , p z )dp x dp y .
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0932-0784 / 06 / 0500-0299 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com itinerant. Magnetic ordering is exhibited in heavy lanthanides namely Gd, Tb, Dy, Ho, Er and Tm at low temperatures. Particularly Gd is one of the four room temperature elemental ferromagnetic metals; the other three are Fe, Co and Ni. Due to this interesting behaviour of Gd, a considerable work, which mainly includes the band structure calculation, temperaturedependent magnetic ordering, photoemission, spin momentum density using magnetic Compton scattering, has been reported by several workers; see for example [2 -10] . In case of Dy, most of the work is related to photoemission investigations, magnetic transitions using specific heat measurements, thermal effects at the first order phase transition, magnetic properties at high pressure etc.; see for example [11 -14] . Recently, to investigate the electronic structure of lanthanides, our group has reported Compton profile data on Sm [15] , Eu [16] , Tb [17] , Ho [18] and Yb [19] , using a 20 Ci 137 Cs Compton spectrometer. We now present first experimental data for isotropic Compton profiles of Gd and Dy at intermediate momentum resolution (0.38 a.u.). The experimental Compton data and its first derivatives are compared with the renormalized-free-atom and free-electron model profiles. It is worth mentioning that the lanthanides present a special challenge to the crystal growers because of their chemical reactivity, which leads to difficulties in both the choice of containers and requirement of ultra high vacuum conditions. The attainment of ultra clean 
Experiment
The Compton profiles of Gd and Dy were measured using our 20 Ci 137 Cs Compton spectrometer; for details see [20, 21] . Collimated gamma-rays of 661.65 keV energy were allowed to fall normally on the sample, and the Compton-scattered gammarays were detected by an HPGe detector (Canberra, GLP0210) at a large scattering angle (160 • ± 0.6 • ). The details on both the samples and their measurements are given in Table 1 . The raw Compton data were accumulated by a multichannel analyzer (Canberra, Accuspec B) with a channel width of 0.035 a.u. The overall momentum resolution (Gaussian FWHM) of the spectrometer was 0.38 a.u., which is much better than the previously achieved resolution (0.60 a.u.) using 241 Am Compton spectrometers. During the measurements, the electronic drift in the detection system was checked from time to time and was observed to be smaller than one channel (0.035 a.u.).
The true Compton profile was extracted from the energy distribution by the standard scheme of the Warwick group [22] , which involved subtraction of a background measured in the set up without a sample, deconvolution, correction for detector efficiency, corrections for photon absorption and for the Compton cross section, transformation of energy into the momentum scale, and normalization of the profile to the freeatom profile area. The instrumental resolution correction (deconvolution) was limited to stripping off the low energy tail from the data, therefore leaving the theoretical profile to be convoluted with the experimental resolution (Gaussian FWHM 0.38 a.u.). For both the samples, we have made a correction for multiple scattering by means of a Monte Carlo program developed by Felsteiner et al. [23] . In this program the ratio α of the number of multiple scattering events in the Compton profile to the total number of scattering events is calculated as a function of the sample material and dimensions, photon energy, beam geometry, etc. The effect of multiple scattering in both samples in the momentum region −10 to +10 a.u. is given in Table 1 . The experimental Compton profile of Gd after various stages of data correction is shown in Figure 1 . The spectral distribution of single, double and triple (almost negligible) scattered radiations for the same sample is shown in the inset of this figure. Further, as suggested by our group [24] , we have also corrected the experimental profile for the bremsstrahlung (BS) background due to photo and Compton recoiled electrons liberated in the sample. As given in Table 1 , the BS contribution in case of Dy was found to be higher than in case of Gd.
Theory
In the absence of band structure calculations, we have used the renormalized-free-atom (RFA) Fig. 1 . Effect of various corrections during the extraction of true Compton profiles from the raw data of Gd. The shapes of data at various stages are: stage I, profile after background subtraction; stage II, profile after stage I, followed by partial deconvolution and detector efficiency correction; stage III, profile after stage II, followed by sample absorption and Compton scattering cross section correction; stage IV, profile after stage III, followed by correction for multiple scattering effects. Inset: spectral intensity distribution, I(ω 2 ), of (a) single, (b) double, and (c) triple scattered radiations simulated using Monte Carlo simulations. model [25] , which was found to be successful in the computation of Compton profiles of other lanthanides; see for example [15 -19] . In this model, the atomic wave function was truncated at the Wigner-Seitz (WS) radius and renormalized to one per electron within the WS sphere to preserve the charge neutrality. In this way the solid is constructed from individual atoms. In the case of Gd and Dy it was found that 43.9 and 38.5%, respectively, of the atomic 6s wave functions [26] were inside the WS spheres, whereas the 4f wave functions were found to be almost confined within the respective spheres. In case of Gd, about 90% of the 5d free atom wave function was within the WS sphere, thereby neglecting the renormalization effects. Therefore, 4f electrons of both lanthanides and 5d electrons of Gd were not considered in the RFA scheme. In Fig. 2 we have plotted the free atom (FA) and the RFA wave functions for 6s electrons of Gd and Dy used in the present RFA calculations. The Compton profiles for 6s 2 electrons of both lanthanides were calculated from the Fourier transform of the respective RFA wave functions ψ (c) ( K n ). For the hcp structure, the momentum density n( p) can be derived using the relation [25] 
where p F is the Fermi momentum. The factor two comes from the summations over the spin and τ determines the position of an atom in the unit cell, which for the hcp structure has the components a/2, 2 √ 3a and c/2. In the present calculations, 25 shortest reciprocal lattice vectors ( K n ) were considered to incorporate the crystalline effects. For both cases we have also computed the free electron (FE) theory based Compton profiles using the formulae given in [25] , treating 6s 2 electrons as free.
Total Compton profiles were obtained by adding the free atom core contribution [Xe]4f 7 5d 1 for Gd and [Xe]4f 10 5d 0 for Dy from the tables of Biggs et al. [27] to the respective 6s 2 electron profile. The effect of the e − -e − correlation (which shifts the momentum density from below the p F to above p F ) was also incorporated in the RFA based J(p z ) using the approach of Das and Chaddah [28] . All the total theoretical profiles were normalized in the same way as the experimental ones given in Table 1 .
Results and Discussion
In Table 2 we present the experimental Compton profiles of Gd and Dy together with the unconvoluted Compton profiles derived from the RFA (with and without incorporating the e − -e − correlation effect) and the FE models. All theoretical and experimental J(0) values of Gd are found to be higher than the respective values for Dy. To compare the theoretical profiles with the respective experimental profiles, all the theoretical profiles were convoluted with the instrumental function (Gaussian FWHM of 0.38 a.u.) of the experiment. Figure 3 depicts the differences (∆J) between the convoluted theory and the experiment for both lanthanides. As expected, the FE model based profiles give a poor agreement with the experiment, which may be due to unrealistic assumptions of the FE theory in case of Gd and Dy.
In both the cases, the RFA model profile with the e − -e − correlation gives a better agreement with the respective measurement, although in the low momentum region the RFA calculations (with and without electron correlation effect) overestimate the momentum density. The large deviations between the simple RFA model and the Compton measurements may be due to the negligence of hybridization effects of s-, p-, d-, f-electrons in our RFA calculations. In fact, due to the non-availability of free atom wave functions for 6p electrons and limitations in the truncation of 4f and 5d electrons, we could not model these electrons within the RFA scheme. We believe that the Compton profiles corresponding to the 5d and 6p electrons of both lanthanides are flatter than those corresponding to the 6s electrons. Therefore, a reasonable incorporation of 6p or 5d electrons in the evaluation of the total theoretical Compton profile will reduce the magnitude of the absolute theoretical profile in the low momentum region. Then it will lead to a better agreement between the theoretical and experimental momentum densities. In order to derive additional information on the hybridization effects through Fermi surface related information, we have taken the first derivative [dJ(p z )/dp z ] of both the experimental Compton profiles and the FE model profiles computed for hypothetical 4, 6 and 8 electrons. It is worth mentioning that in the case of an FE profile for valence electrons (parabolic shape), the first minimum in the first derivative of the profile corresponds to the p F . The first derivatives of the absolute experimental and the FE model profiles for both the lanthanides are shown in Figure 4 . It is seen that the sharp drop in both the derivatives corresponding to the hypothetical 8 electrons based FE model profile occurs near a steep decrease of the experimental curve. Our FE based data show that there is a possibility of nearly eight electrons in the valence band of both lanthanides, which may only be due to spdf hybridization. Now, coming to the cohesive properties, the cohesive energy E coh is defined as the difference between the bulk and atomic total energies. The E coh from the Compton profile data is given as [29] where J S and J FA refer to the Compton profiles for the two states, namely solid and free atom. The values of J S were taken from the present RFA calculations, and those for J FA from the free atom tables [27] . As reported by several workers, see, for example [29, 30] , the computation of E coh from the experimental Compton profile may be difficult due to the weighting of p z 2 in (4) in the high momentum region. Therefore we have used only the RFA profiles for the calculations of cohesive energy of both lanthanides. In Table 3 we have listed the RFA based E coh along with the available values of cohesive energies computed from the full potential LMTO with the local density approximation (LDA) and the generalized gradient approximation (GGA) [31] . For both lanthanides the RFA based cohesive energies are found to be smaller than the LMTO calculations [31] , while these values are closer to the interpolation data of Johansson and Munck [32] .
Conclusions
Isotropic Compton profiles of gadolinium and dysprosium have been interpreted in terms of free electron and renormalized-free-atom (with and without e − -e − correlation) models. None of the models gives a reasonable agreement with the measurement. The first derivatives of both the profiles clearly suggest the hybridization effects of s-, p-, d-and f-electrons. The availability of an accurate band structure calculation, from which more precise theoretical Compton profiles can be computed, will be helpful to describe all the features of our measurements.
